Abstract. Drug resistance is the predominant cause of mortality in late-stage patients with ovarian cancer. Histone deacetylase inhibitors (HDACis) have emerged as a novel type of second line drug with high specificity for tumor cells, including ovarian cancer cells. However, HDACis usually exhibit relatively low potencies when used as a single agent. The majority of current clinical trials are combination strategies. These strategies are more empirical than mechanism-based applications. Previously, it was reported that the adhesion molecule cluster of differentiation 146 (CD146) is significantly induced in HDACi-treated tumor cells. The present study additionally confirmed that the induction of CD146 is a common phenomenon in vorinostat-treated ovarian cancer cells. AA98, an anti-CD146 monoclonal antibody (mAb), was used to target CD146 function. Synergistic antitumoral effects between AA98 and vorinostat were examined in vitro and in vivo. The potential effect of combined AA98 and vorinostat treatment on the protein kinase B (Akt) pathway was determined by western blotting. The present study found that targeting of CD146 substantially enhanced vorinostat-induced killing via the suppression of activation of Akt pathways in ovarian cancer cells. AA98 in combination with vorinostat significantly inhibited cell proliferation and increased apoptosis. In vivo, AA98 synergized with vorinostat to inhibit tumor growth and prolong survival in ovarian cancer. These data suggest that an undesired induction of CD146 may serve as a protective response to offset the antitumor efficacy of vorinostat. By contrast, targeting CD146 in combination with vorinostat may be exploited as a novel strategy to more effectively kill ovarian cancer cells.
Introduction
Ovarian cancer is one of the most common types of gynecological malignancy and has a poor prognosis. Historically, ovarian cancer was considered a silent cancer, as the majority of patients present with late-stage disease (1) . Despite advances in surgery and the development of more effective chemotherapy, ovarian cancer remains the leading cause of mortality from a gynecological cancer (2) . Drug resistance is the predominant cause of mortality in late-stage patients. In total, ~30% of patients whose tumors are platinum-resistant will generally either progress during primary therapy or shortly thereafter. Additionally, there is no preferred standard second-line chemotherapy to offer these patients (3, 4) . Thus, elucidation of mechanisms and identification of new therapeutic targets for ovarian cancer is critical to reduce fatality.
Histone deacetylase inhibitors (HDACis) show promise as a novel class of anticancer agents in a wide spectrum of tumors, including ovarian caner (5) . Previously, the present study investigated whether the HDACi trichostatin A (TSA) induces apoptosis of ovarian cancer A2780 cells in a dose-dependent manner (6) . Thus far, numerous HDACis are being tested in over 100 clinical trials and have exhibited encouraging therapeutic responses with good safety profiles (7, 8) . The clinical potential of HDACis has been well documented by the successful development of vorinostat (suberoylanilide hydroxamic acid), which has been approved by the U.S. Food and Drug Administration (9) . Despite the rapid progress achieved, clinical data has shown that there is limited efficacy for HDACi as a single agent. The majority of current clinical trials are combination studies looking at HDACi in combination with other agents (10, 11) . These combination trials seek to increase the antitumor activity of the treatments. Although these combination strategies follow a rational molecular approach in certain cases, in the majority of instances, they are relatively empirical. Accordingly, synergism in antitumor efficacy may be accompanied by adverse effects that are rarely observed with HDACis alone, such Targeting CD146 in combination with vorinostat  for the treatment of ovarian cancer cells   XIAOLI MA   1*   , JIANDONG WANG  1* , JIA LIU  2 , QINGQING MO  2 , XIYUN YAN  3 , DING MA  2 and HUA DUAN as severe myelosuppression (5, 12) . Therefore, revealing the molecular mechanisms underlying the low potency of HDACi is pivotal in determining the optimal application of this class of therapeutic agents in the treatment of ovarian cancer. In our previous study, it was reported that the adhesion molecule cluster of differentiation 146 (CD146) is significantly induced in HDACi-treated tumor cells (13) . In the current study, it was found that the induction of CD146 expression was significant in ovarian cancer cells. CD146 is one of the adhesion molecules belonging to the immunoglobulin superfamily (14) . In numerous types of cancer, including melanoma (15), prostate cancer (16) and ovarian cancer, elevated expression of CD146 promotes tumor progression and is associated with poor prognosis. Previously, targeting CD146 with antibody against the molecule has been shown to inhibit tumor growth and angiogenesis in several types of cancer. Based on these findings (15, 17, 18) , the present study chose to additionally explore whether the induced expression of CD146 protected ovarian cancer cells from HDACi-induced death. In addition, the current study tested whether the antitumoral activity of HDACi may be significantly enhanced in combination with the targeting of CD146 in ovarian cancer cells in vitro and in vivo.
Materials and methods

Cells and reagents.
The human ovarian cancer cell lines A2780, SKOV3 and Caov3 were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). All cells were cultured at 37˚C in a humidified 5% CO 2 atmosphere. The HDACi TSA and vorinostat were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany), and dissolved in dimethyl sulfoxide (DMSO). The mouse anti-human CD146 monoclonal antibody (mAb) AA98 and the control mIgG were provided by Dr Xiyun Yan (Institute of Biophysics, Chinese Academy of Sciences, Beijing, China) (19) . The mouse anti-human CD146 mAb (1 mg/ml; ab24577) was purchased from Abcam (Cambridge, UK). Fluorescein isothiocyanate-conjugated mouse anti-human CD146 mAb (1:100; 11-1469-42) was purchased from eBioscience, Inc. San Diego, CA, USA). Anti protein kinase B (Akt) rabbit anti-human polyclonal antibody (1:1,000; #9272S), anti-phosphorylated Akt rabbit anti-human mAb (1:1,000; #4058), anti-human phosphorylated glycogen synthase kinase 3β (GSK3β) rabbit mAb, (1:1,000; #5558), anti-human phosphorylated 4E-binding protein 1 (4E-BP1) rabbit mAb (1:1,000; #2855) and anti-human phosphorylated ribosomal protein S6 kinase-1 (S6K1) mouse mAbs (1:1,000; #9206) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Triciribine was purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Full-length Akt2 complementary DNA (cDNA) was cloned into pcDNA3.1 plasmid and termed the AAkt2 vector, which has been described previously (13) .
Cell viability assays. Cell viability was determined using a MTT assay. In brief, 5x10 3 cells were plated into each well of 96-well plates for 72 h following the indicated treatments.
Subsequently, 5 mg/ml MTT was added and incubated at 37˚C for 4 h. The medium was then removed, and 1 ml DMSO was added to solubilize the MTT-formazan product. The MTT absorbance was then determined at 570 nm on a Multiscan JX ver1.1 (Thermo Labsystems, Santa Rosa, CA, USA). Results are expressed as a percentage of the viable cells in the DMSO-treated group. Each data point is the mean ± standard error of the mean of 6 replicates.
Apoptosis assays. Cells were stained with Annexin V and propidium iodide and the percentage of apoptotic cells were determined by flow cytometry, as described previously (20) . CELL Quest software (BD Biosciences, Franklin Lakes, NJ, USA) was used for data acquisition and analysis.
Quantitative polymerase chain reaction (qPCR). Total RNA was isolated from A2780 or SKOV3 cells after vorinostat treatment using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. RNA quantitation was determined using a NanoDrop micro-volume spectrophotometer (Thermo Fisher Scientific, Inc.), and the messenger RNA (mRNA) integrity was verified by agarose gel electrophoresis. Reverse transcription (RT)-qPCR was then performed on 2 µg total RNA using a PrimeScript RT Reagent kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan). qPCR was performed in ABI Prism 7000 (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the SYBR Green PCR Master Mix (Sigma-Aldrich; Merck Millipore) using the following thermocycler program for all genes: 5 min of pre-incubation at 95˚C, followed by 40 cycles of 15 sec at 95˚C, 15 sec at 60˚C, and 30 sec at 72˚C. The primers for were as follows: CD146 forward, 5'-CAG TCC TCA TAC CAG AGC CAA CAG-3' and reverse, 5'-GGA CCA GGA TGC ACA CAA TCA-3'; and 18S ribosomal RNA forward, 5'-AGT CCC TGC CCT TTG ACA CA-3' and reverse, 5'-GAT CCG AGG GCC TCA CTA AAC-3'. The 18S ribosomal RNA was used as an internal control. All primers were obtained from Tiangen Biotech Co., Ltd. (Beijing, China). A melting curve assay was performed to determine the purity of the amplified product. Contamination with genomic DNA was not detected in any of the analyzed samples. Each sample was assayed in triplicate, analysis of relative gene expression data used the 2 -ΔΔCq method, as previously described (21), and the results were expressed as fold induction compared with the untreated group.
Western blot analysis. Detection of the CD146, AKT, p-AKT, P-4E-BP1, p-S6K1, p-GSK-3β and β-actin by SDS-PAGE was performed as previously described (21) .
Soft agar colony-forming assay. Cells were treated with 10 µg/ml AA98, 2.5 µmol/l vorinostat or vorinostat + AA98 for 24 h. DMSO-treated cells were used as a negative control. A total of 1x10 3 cells were then plated in 60-mm culture plates in medium containing 0.3% agar overlying a 0.5% agar layer. The cells were subsequently incubated for 14 days at 37˚C and colonies were stained with 0.5 ml of 0.0005% crystal violet solution for 1 h and counted using a dissecting microscope (x50 magnification). The results are expressed as a percentage of colonies in the DMSO-treated group.
Animal experiments. In total, 120 female athymic BALB/c nude mice were obtained from the Animal Center of the Chinese Academy of Medical Science (Beijing, China). The 6-week-old mice used were maintained in a laminar-flow cabinet under specific pathogen free conditions. In tumor xenograft models, 1x10 7 SKOV3 cells were injected subcutaneously. Once tumors had grown between 5 and 6 mm, the mice were grouped (n=10) and administered intraperitoneally with 8 mg/kg of AA98 or 20 mg/kg of vorinostat or vorinostat + AA98 twice a week until the mice were sacrificed (tumor volume >1,000 mm 3 or 42 days subsequent to treatment). PBS served as a control. Tumor size was determined twice a week and tumor volume was determined according to the equation: Tumor size (cm 3 )=width 2 xlengthx(π/6). Statistical analysis. The statistical significance of differences between experimental and control groups was determined by one-way analysis of variance followed by the Student-Newman-Keuls test using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). All statistical tests were two sided, and P<0.05 was considered to indicate a statistically significant difference. Statistical analysis of LSC findings was performed on the results of 3 independent experiments using a paired Student's t test.
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Results
Induction of adhesion molecular CD146 is a common phenomenon in vorinostat-treated ovarian cancer cells in vitro and in vivo.
In previous studies, adhesion molecule CD146 was observed to be significantly upregulated following HDACi treatment in ovarian cancer cells (13) . In addition, previous studies have linked CD146 with apoptosis resistance in cancer cells (21, 22) . To additionally verify whether expression of CD146 is induced by vorinostat, the present study investigated the effects of vorinostat on mRNA and protein expression of CD146 in ovarian cancer cells. A2780 and SKOV3 cells were treated with 2.5 µmol/l vorinostat for 12 h. As shown in Fig. 1A , subsequent to treatment with vorinostat, transcriptional induction of CD146 reached an extremely high level, 468.5 fold for A2780 and 450.3 fold for SKOV3 (P<0.001), compared with the basal transcriptional level. Furthermore, another HDACi, TSA, significantly induced the expression of CD146, indicating that the induction of CD146 expression may be a common action shared by HDACi.
To determine whether the vorinostat-induced expression of CD146 occurs in primary ovarian cancer cells, 8 primary tumor samples from patients with ovarian cancer were treated with vorinostat. Vorinostat significantly induced the expression of CD146 as early as 3 h subsequent to treatment and the increase lasted up to 12 h in all of the samples examined (Table I) . To test whether the induction of CD146 transcription upregulated the level of CD146 protein, cultured A2780 cells were treated with vorinostat or DMSO and examined for CD146 protein expression using immunofluorescence and western blotting. As expected, treatment with vorinostat significantly enhanced the positive immunoreactivity and protein level of CD146 in A2780 cells (Fig. 1B and C) .
To address whether the induction of CD146 occurs in vivo, SKOV3 tumor-bearing mice (n=10) were treated with vorinostat at 20 mg/kg based on earlier studies (23) . Similarly, CD146 expression was markedly elevated in the tumor cell membrane 24 h subsequent to treatment with vorinostat, as determined by immunohistochemistry and quantified by LSC (Fig. 1D) ; the total positive rate for CD146 in SKOV3 tumors treated with vorinostat compared with those treated with DMSO was 40±2 vs. 30±1%, (P=0.001).
Targeting CD146 substantially enhanced vorinostat-induced killing in ovarian cancer cells.
To additionally confirm whether knockdown of CD146 enhanced vorinostat-induced cell death in ovarian cancer cells, A2780 ovarian cancer cells were cultured with DMSO or AA98, which has been confirmed to significantly knockdown the expression of CD146 ( Fig. 2A) . A2780/SKOV3/Caov3 ovarian cancer cells are exposed to 2.5 µmol/l vorinostat for 72 h and subjected to apoptosis assay for the determination of their drug sensitivity. Accordingly, knockdown of CD146 increased the sensitivity of A2780/SKOV3/Caov3 ovarian cancer cells to vorinostat-induced apoptosis ( Fig. 2B ; A2780, 18.7±3.6 vs. 49.06±4.3%, P=0.001; SKOV3, 16.28±2.9 vs. 38.13±3.5%, P=0.001). Furthermore, knockdown of CD146 promoted vorinostat-induced killing and gave rise to less survival colonies in A2780 cells and SKOV3 cells ( Fig. 2C and D 
Knockdown of CD146 promotes vorinostat-induced apoptosis via suppression of the Akt pathway in ovarian cancer cells.
Data has previously shown a link between CD146 expression and Akt activation (24) ; therefore, the present study sought to determine the effects of vorinostat/AA98 on the Akt pathway in ovarian caner cells A2780. Vorinostat induced the phosphorylation of Akt and its downstream targets 4E-BP1 and S6K1. AA98 co-administration with vorinostat reverses the activation of the Akt pathway induced by vorinostat (Fig. 3A) . To additionally confirm whether Akt had a protective effect on vorinostat/AA98-induced apoptosis, overexpression/inhibition experiments were performed using AAkt2 plasmid transfection or triciribine treatment. Although transfection of AAkt2 inhibited vorinostat/AA98-induced apoptosis, the inhibition of Akt phosphorylation by triciribine substantially sensitized A2780 cells to vorinostat/AA98-induced killing (Fig. 3B, control vs. AAKT2, P=0.01; Fig. 3C , control vs. triciribine, P=0.01). Table I . Effect of vorinostat on the expression of CD146 in clinical tumor samples. Targeting CD146 synergized with vorinostat to substantially inhibit ovarian cancer growth. To determine the in vivo antitumor efficacy of combined vorinostat and AA98, the present study chose lower doses of the two agents compared with those previously reported (13) . The animal study was completed when the tumor reached a diameter of 5-6 mm. The SKOV3 tumor-bearing mice were grouped (n=10) and administered intraperitoneally with AA98 or vorinostat. Although no tumor complete regression was observed in any groups with different treatments, tumor growth was significantly retarded in the group with combined vorinostat and AA98 treatment (P=0.02; Fig. 4A ). Furthermore, combined vorinostat and AA98 treatment significantly improved the survival rate in SKOV3 tumor-bearing mice (P=0.001; Fig. 4B ).
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Discussion
The majority of patients with ovarian cancer have progressed to advanced stages of disease by the first clinical visit, and are therefore not eligible to be treated with surgery, and can only receive chemotherapy, with poor results (25) . Drug resistance is the primary cause of mortality in late-stage patients. The flood of new second line drugs in previous years has provided numerous marked improvements in anticancer therapy (26) . Thus, the development of new therapeutic strategies and search for novel genes with new mechanisms of action that can lead to drug resistance of ovarian cancer cell have become the focuses of current cancer research.
HDACis have emerged as novel second line drugs, with their high specificity for tumor cells. However, since the targets of HDACis are so extensive, it is not surprising that HDACis would initiate anti-apoptotic and pro-apoptotic therapeutic responses. HDACis usually exhibit relatively low potency when used as single agents. The majority of the current HDACi combination strategies are more empirical than mechanism-based applications, and accordingly, are not optimal for this class of drugs (27, 28) . In our previous study, a cDNA microarray analysis was conducted and it was found that the expression of adhesion molecule CD146 was significantly induced in HDACi-treated tumor cells, particularly in ovarian cancer cells (13) . In the present findings, it was verified that the induction of CD146 is a common phenomenon in vorinostat-treated ovarian cancer cells in vitro and in vivo. Targeting CD146 substantially sensitized ovarian cancer cells to vorinostat-induced killing. Treatment with vorinostat plus AA98 also preferentially inhibits cell proliferation, enhances apoptotic rate of ovarian cancer cells and ablates cancer colony formation. The present findings provide the first evidence that an undesired protective signal is initiated by HDACi and highlight a novel molecular mechanism by which HDACi induces the expression of CD146 as a protective response to offset the antitumor efficacy. By contrast, the induction of CD146 may be exploited as a novel strategy for the enhanced killing of ovarian cancer cells. Similarly, the synergistic killing effect of vorinostat and targeting of CD146 was observed in vivo. Treatment of SKOV3 xenografts with vorinostat plus AA98 resulted in a more pronounced decrease in tumor volume compared with single drug-treated mice. Additionally, to inhibit tumor growth, it was shown that the combined regimen of vorinostat and AA98 is able to significantly prolong the survival rate of tumor-bearing mice.
It is well known that the sensitivity of cancer cells to chemotherapeutic drug-induced apoptosis depends on the balance between pro-apoptotic and anti-apoptotic signals (29) . Therefore, inhibition of anti-apoptotic signals, such as those mediated by the Akt pathway, has been proposed as a promising strategy to enhance the efficacy of chemotherapeutic agents (30) . The present data show that the increased sensitivity to vorinostat caused by AA98 was strongly associated with Akt signaling in ovarian carcinomas. The combination of vorinostat with AA98 attenuates Akt phosphorylation and 4E-BP1 expression. A similar association has been reported between Akt activation and HDACi sensitivity in cervical cancer cell lines (31) . However, Akt kinase activity is not the sole determinant of sensitivity to vorinostat, and certain factors, such as S6K1, can result in sensitivity to vorinostat in the absence of Akt activation (32) . In ovarian cancer A2780 cells, AA98 co-administration reverses the activation of S6K1 induced by vorinostat. Furthermore, it was confirmed that Akt had a protective effect on vorinostat/AA98-induced apoptosis by overexpression/inhibition experiments.
Collectively, targeting CD146 may be exploited as a novel strategy to more effectively kill ovarian cancer cells. However, the identification of an optimal HDACi-based regimen requires long-term and painstaking clinical trials and suboptimal application. The current preclinical approach may accelerate the design of an optimal HDACi-containing regimen in the treatment of ovarian cancer.
